Abstract: Determination of potentially toxic elements in soils with which children have regular contact can provide valuable information to support health risk assessment. It is also important to engage schoolchildren with soil science so that they become well-informed citizens. The Soils in Scottish Schools project involved pupils across Scotland in the collection of soil from school grounds for determination of copper, lead and zinc. Samples were subjected to microwave-assisted aqua-regia digestion to determine pseudototal analyte concentrations. The simplified bioaccessibility extraction test was applied to estimate bioaccessibility. Analysis was performed by inductively coupled plasma mass spectrometry. Pseudototal analyte concentrations varied widely: Cu 15.6-220 mg•kg −1 ; Pb 24.6-479 mg•kg −1 and Zn 52.5-860 mg•kg −1 . Higher concentrations were measured in urban areas, which were historically home to heavy manufacturing industries, with lower concentrations in soils from more rural schools. Bioaccessible analyte concentrations also varied widely (Cu 3.94-126 mg•kg −1 ; Pb 6.29-216 mg•kg −1 and Zn 4.38-549 mg•kg −1 ) and followed similar trends to pseudototal concentrations. None of the elements studied posed a significant health risk to children through accidental soil ingestion whilst at play during breaks in the school day, although the relatively high bioaccessible levels of lead at some locations are worthy of further investigation.
Introduction
Pollution of the urban environment with potentially toxic elements (PTEs) is now a global issue [1] . In the developing world, rapid and often unregulated urbanisation is causing accumulation of PTEs in soil, whilst many cities in the developed world carry a legacy of urban pollutants from past heavy industry. This is of particular concern in locations frequented by children such as public parks, playgrounds and schoolyards.
Numerous studies have investigated concentrations of copper, lead and zinc (along with other analytes) in soils with which children are likely to have regular contact. As shown in Table 1 , results vary widely. This is due, in part, to differences in soil parent material and soil properties, together with the use of different sampling strategies and analytical methods by different workers. However, the nature of the city studied-its age, size, population, traffic density and industrial activities (both current and historical)-can all have an influence on PTE levels and distribution. Particularly elevated PTE concentrations are often associated with known sources of pollution such as high road traffic density [2] [3] [4] [5] [6] ; coal combustion [7] ; chemically treated wooden playground equipment [6, 8] ; or specific industrial emissions. For example, the high concentrations of lead and zinc in playgrounds of Port Pirie, Australia [9] were attributed to the proximity of one of the world's largest lead-zinc smelters. However, generally elevated "urban background" levels of copper, lead and zinc have also been reported [10] -indeed, these are amongst the PTEs considered indicative of urbanisation [11] . This has also been noted in work focused on soil from locations where children play. Levels of copper, lead and zinc were all higher in soils from inner city day-care centres in Trondheim and Bergen than in samples from outer city sites [12] . In Warsaw and Bydgoszcz, the highest levels of lead and zinc were found in playgrounds and sports areas in the city centres [13] . Average concentrations of copper and lead in soils from urban elementary school playgrounds in Hermosillo [14] were almost double those found in peri-urban school playgrounds, and average levels of zinc were four times those in peri-urban samples. As well as determination of (pseudo)total PTE levels, there is growing interest in measuring the bioaccessibility of PTEs in soils that children interact with [4, 23, 24, 26, 31] . Oral bioaccessibility tests give an indication of the proportion of PTEs that is potentially available for absorption following accidental or deliberate ingestion of soil. Results obtained can support more accurate human health risk assessment and help determine whether contaminated sites require remediation.
Also important is to engage children with soil science and the issues surrounding soil pollution so that they become well-informed adults. The Soils in Scottish Schools project targeted pupils in second year of secondary education in Scotland (12-14-year old). As is common with citizen science projects, it had both an educational and a scientific objective:
 To provide Scotland's school teachers with resources to enhance pupils' understanding of the importance and fragility of the soil resource  To carry out an investigation of levels and bioaccessibility of Cu, Pb and Zn in soils collected by pupils from school grounds.
Although soil-focused citizen science projects have been conducted previously (for example references [32] [33] [34] [35] ) the current study is unique in terms of its focus on school soils and school pupils.
A request for Expressions of Interest in participating in the project was sent to all 397 secondary schools in Scotland in mid-2017. Ninety-nine schools responded positively. Each of these was provided with:
 A teaching resource pack to help support a lesson about the chemistry of soil, i.e., a Powerpoint presentation, quiz, and worksheets detailing experiments suitable for the target age group (determination of soil composition and pH).
 A series of monthly newsletters with updates on the progress of the project, fun activities, and additional scientific information about soil.
 A soil sampling pack containing detailed instructions for collection of a soil sample from the school grounds, a sample bag, and a pre-paid envelope in which to post the sample to the university.
In total, forty-three schools returned a soil sample. Once received, the samples were pre-treated, digested in aqua regia and subjected to the simplified bioaccessibility extraction test [36] , then digests and extracts were analysed by inductively coupled plasma mass spectrometry (for details, see Materials and Methods). Results for individual schools were distributed in June 2018, along with a project report containing information on the copper, lead and zinc concentration ranges obtained across all samples. Participant schools were encouraged to organise a group poster competition for pupils on the topic "Why is Soil Important?". The winning teams from each school, along with their teachers, were invited to attend a Grand Environment Day at the University of Strathclyde in September 2018. This involved presentations from staff and students involved in the project, the award of prizes for best poster overall, and a guest lecture by Professor Iain Stewart (University of Plymouth) an expert in science communication who has produced several TV series on geoscience-related topics.
This article discusses the pseudototal and oral bioaccessible concentrations of copper, lead and zinc in the soil samples submitted by schools. Results are discussed in terms of location, in particularly with respect to Scotland's main area of urbanization in the central belt, and in terms of potential health risk to pupils who have regular access to these soils.
Materials and Methods

Sampling
Each participating school was instructed to collect a single bulk composite soil sample from a grassy site within the school grounds, remote from buildings, trees, or likely point sources of PTEs such as roads or staff car parks. They were told to mark out a 2 m square and collect soil to a depth of 10 cm from the centre and corners of the square. The five sub-subsamples were to be mixed thoroughly and then approximately 250 g placed in the sample bag provided and posted to the university. Not all schools returned the requested mass: thirty-seven provided sufficient for both pseudototal analysis and estimation of bioaccessibility, and a further six sufficient for aqua regia digestion only. Samples were received predominantly from schools in central Scotland, but there were also participants from locations in the Scottish Borders, Highlands and Islands ( Figure 1 ). 
Sample Pre-Treatment and General Characterisation
Soil samples were air-dried for at least one week and any aggregates present were gently broken up using a mortar and pestle. The material was then passed through a 2 mm mesh sieve. Residual moisture content was measured by drying at 110 °C and organic matter content estimated by loss-on-ignition at 550 °C. Soil pH was determined in distilled water at a solid:solution ratio of 1:5.
Pseudototal Digestion
A 20 mL aliquot of freshly prepared aqua regia (3:1 (v/v) HCl + HNO3) was added to a 1 g test portion of soil in a high-pressure vessel; left to stand overnight; and then subjected to microwave-assisted digestion in a MARS Xpress system (CEM, Buckingham, UK). The operating conditions were power 800 W; ramp time from room temperature to 160 °C = 20 min; hold time at 160 °C = 20 min. After cooling, the digests were filtered into 100 mL volumetric flasks. The filtrates were made up to the mark with distilled water and stored at 4 °C prior to analysis. Samples were digested in triplicate, along with a procedural blank.
Simplified Bioaccessibility Test (SBET) [36]
The soil was sieved for a second time and the <250 μm particle size fraction taken for estimation of oral bioaccessibility. A 100 mL aliquot of 0.4 mol•L −1 glycine adjusted to a pH of 1.5 ± 0.05 with HCl was added to a 1 g test portion in a HDPE bottle and the mixture shaken at 30 rpm for one hour at 37 °C in an incubating shaker. A 10 mL aliquot was removed using a disposable syringe, passed through a 0.45 m pore size cellulose acetate syringe filter, and stored at 4 °C prior to analysis. The extraction was carried out in triplicate, along with a procedural blank. 
Analysis of Digests and Extracts
Digests and extracts were analysed by inductively coupled plasma mass spectrometry using an Agilent model 7700x instrument (Agilent Technologies, Cheshire, UK) with respect to multi-element standard solutions in 2% aqua regia. Instrument operating conditions were power 1600 W; nebuliser gas flow 1.05 L•min −1 ; plasma gas flow 15 L•min −1 , sample uptake rate 1 mL•min −1 . Copper, lead and zinc were quantified based on their 63 Cu, 66 Zn and 208 Pb isotopes, with 45 Sc, 72 Ge and 209 Bi, respectively, as internal standards.
Reference Material Analysis
An in-house (i.e., secondary) reference material (RM) characterized during the EU URBSOIL project (EVK4-CT-2001-00053) was used for quality control of the pseudototal digestion. This is an urban soil from the city of Glasgow and so the matrix is well-matched to the samples in the current study. Indicative (target) concentrations were 111 ± 5 mg•kg −1 for Cu; 389 ± 25 mg•kg −1 for Pb; and 177 ± 11 mg•kg −1 for Zn (n = 34) [37] . Found concentrations were within 10% of targets, specifically 104 ± 4, 365 ± 10 and 164 ± 11 mg•kg −1 (n = 3) for Cu, Pb and Zn, respectively. Indicative values for amounts of analytes extractable from the RM using the SBET procedure were not available and, unfortunately, there are no certified reference materials available for this extraction.
Results and Discussion
Pseudototal PTE Concentrations
Aqua regia soluble PTE concentrations in the soils from Scottish schools are shown in Table 2 , together with some reference values. Mean concentrations of copper, lead and zinc were generally towards the upper end of those reported in literature (Table 1 ) and compiled in the 2011 State of Scotland's Soils Report [38] . Results varied widely, as might be expected given the diverse locations sampled. In the UK, land contamination is assessed using the Contaminated Land Exposure Assessment model. A preliminary (often desk based) risk assessment is followed by a generic risk assessment and then a detailed site-specific risk assessment. The Department for Environment, Food and Rural Affairs (DEFRA) has published category 4 screening levels (C4SL) for certain PTEs in soil, including lead [39] that can be used as generic assessment criteria to determine whether hazard is acceptably low or further investigation is required. Different C4SL values are recommended for different land use. The category considered most applicable to the current study was Public Open Spaces 1: grassed areas adjacent to residential housing, for which the C4SL is 630 mg•kg −1 [39] . Results were also compared with the internationally cited Dutch Target and Intervention Values [40] . Two samples-both from schools close to the centre of Glasgow-contained copper at concentrations slightly in excess of the Dutch intervention value (212 and 220 mg•kg −1 ). None of the soils exceeded either the DEFRA C4SL or the Dutch intervention value for lead. Soils from two different (but also Glasgow inner city) schools contained levels of zinc above the Dutch intervention value. The concentrations found (828 and 860 mg•kg −1 ) were almost twice that measured in any other sample (the next highest value was 454 mg•kg −1 ). The lowest analyte concentrations were associated with soils from schools in Aberdeenshire, the Scottish Borders, and the Isle of Arran.
Soil pH ranged from 4.7 to 7.6 (mean 6.0 ± 0.7) and estimated organic matter content from 5.8 to 39.4 (mean 16.8 ± 6.7). There was no relationship between either of these parametera and the concentration of any of the PTEs studied. Inter-element correlations were evident, provided the two unusually high Zn concentrations were excluded, but were not strong (R 2 values: Cu-Pb 0.5126; CuZn 0.6622; Pb-Zn 0.6328).
The Central Belt contains the highest density of urbanisation in Scotland. The Glasgow area in particular was historically the industrial hub of the country and home to heavy industries including coal mining, steelmaking and shipbuilding, activities that gradually declined over the course of the 20th century. To further explore the potential influence of location on soil PTE concentrations, the schools were divided into three categories and results for each class considered separately (Figure 2 ):  Group A: <10 miles from the centre of Glasgow (16 schools)  Group B: 10-30 miles from the centre of Glasgow (11 schools)  Group C: >30 miles from the centre of Glasgow (15 schools) Mean copper concentrations were 90.7 ± 61.4 mg•kg −1 for soils in Group A, 55.6 ± 27.1 mg•kg −1 for Group B and 46.9 ± 21.9 mg•kg −1 for Group C. Mean lead levels were 217 ± 120, 121 ± 78 and 102 ± 91 mg•kg −1 for Groups A, B and C respectively, whilst mean zinc levels were 297 ± 232, 177 ± 89 and 134 ± 67 mg•kg −1 . Although concentrations varied markedly within each category, levels of the "urban metals" copper, lead and zinc were clearly generally elevated in the areas of dense urbanisation and lower at more rural locations. Concentrations in Group A were broadly similar to those found in previous work on Glasgow urban soils. Madrid et al. [41] reported copper, lead and zinc concentrations of 85 ± 23, 307 ± 146, and 199 ± 81 mg•kg −1 for Glasgow Green (a major park close to the city centre), whilst Sialelli et al. [42] found 74.5 ± 42.7, 237 ± 144 and 210 ± 137 mg•kg −1 of the same analytes in a suite of 20 soil samples from across the city (14 from parks and 6 from roadsides). Higher levels of lead (659 ± 477 mg•kg −1 , n = 27) were reported by Farmer et al. [43] . However, they used total digestion (HNO3 + HF + H2O2) and sampled from sites known to exceed the UK Soil Guideline Values in force at that time for at least one of arsenic, chromium or lead. 
Bioaccessible PTE Concentrations
Bioaccessible PTE concentrations in soils from Scottish schools are shown in Table 3 , together with results from literature studies featuring playground soil. Results again covered extremely wide concentration ranges. Comparison with literature is limited by the use of different extraction protocols by different research groups. However, the mean bioaccessible copper levels in soils from Scottish schools were higher than in playground soils from Madrid [23] and much higher than those reported in Baghdad [24] . Lead levels were higher than in Madrid [23] or Hermosillo [14] and much higher than in Baghdad [24] , but broadly similar to playgrounds and schoolyards in NE England [24] and Lisbon [4] . Zinc concentrations were of the same order as in the previous studies. The relationships between bioaccessible and pseudototal PTE concentrations are shown in Figure 3 . It can be seen that, as the amount of PTEs present in the soil increased, the concentration that was bioaccessible also increased. A strong positive correlation between total and bioaccessible lead (as estimated by the unified bioaccessibility test gastric phase) has been noted previously in urban soils from Glasgow, London, Northampton and Swansea [44] . The bioaccessible fraction (Bf) was calculated using Equation 1. %Bf = bioaccessible concentration/pseudototal concentration × 100
(1)
The Bf for copper ranged from 7.2% to 59.4% (mean 30.8%); for lead from 2.4% to 82.7% (mean 42.3%); and for zinc from 1.7% to 63.8% (mean 21.1%). Previous studies also found that the bioaccessible lead fraction was highly variable in soil samples collected from the Glasgow area, e.g., 23%-77% (mean 52%) [43] and 20%-92% (mean 49%) [44] . As with pseudototal concentrations, proximity to Scotland's former industrial heart also influenced the levels of bioaccessible copper, lead and zinc (Figure 4) . Mean bioaccessible copper concentrations were 38.0 ± 35.5 mg•kg −1 for soils in Group A, 15.1 ± 11.2 mg•kg −1 for Group B and 12.6 ± 4.7 mg•kg −1 for Group C. Mean bioaccessible lead levels were 88.5 ± 64.0, 29.5 ± 33.2 and 27.8 ± 19.9 mg•kg −1 for Groups A, B and C respectively, whilst mean zinc levels were 104 ± 140, 21.5 ± 14.8 and 22.8 ± 11.7 mg•kg −1 . Although soils in Group A always contained higher average bioaccessible PTE levels, differences between samples in Group B (10-30 miles from the centre of Glasgow) and Group C (>30 miles from the centre of Glasgow) were less marked that for the pseudototal concentrations.
Bioaccessible copper, lead and zinc concentrations in Glasgow urban soils (parks and roadside) estimated using the physiologically based extraction test [42] were 24.4 ± 13.5, 80.9 ± 42.9 and 36.6 ± 30.2 mg•kg −1 respectively. Considerably higher bioaccessible lead values have been measured in soils from the Glasgow area, e.g., 418 mg•kg −1 [44] but the sites studied were selected specifically because they were known to be impacted by PTEs [43] and so are not necessarily representative of urban background levels. 
Health Risk Assessment
The environmental health risk to children in regular contact with the soils studied was assessed using a similar approach to that of Elom et al. [24] . Estimated oral daily intake (DI) rates were calculated using Equation 2.
where BC is the PTE concentration in the soil; SIR is the soil ingestion rate (50 mg•day −1 as recommended by the USEPA [45] ); EF is the exposure frequency (0.022, corresponding to 1 hour per school day over a 38-week school year); and BW is body weight (37 kg, the average weight of an 11-year-old child, with 11 being the youngest age at which pupils generally transition to secondary education in Scotland). Results, presented in Table 4 , were compared with tolerable daily intake values. The Joint FAO/WHO Expert Committee on Food Additives (JECFA) has recommended a provisional maximum tolerable daily intake (PMTDI) of 0.5 mg per kg of body weight per day for copper [46] and a PMTDI of 0.3 mg•kg −1 BW/day for zinc [46] but has withdrawn the former provisional tolerable weekly intake value for lead of 25 g•kg −1 BW since new evidence considered in 2011 suggested that it could no longer be considered health protective [47] . The more conservative value of 0.03 g•kg −1 BW/day (equivalent to 30 ng•kg −1 BW/day) used by Reis et al. [4] was therefore used in the current study. Levels of copper and zinc in the school soils were orders of magnitude below that required to reach either element's PMTDI by oral ingestion (Table 4) . Lead is considerably more toxic. However, the highest DI calculated was 14 ng•kg −1 BW/day based on pseudototal lead concentrations, or 6.4 ng•kg −1 BW/day based on bioaccessible lead concentrations, well below the 30 ng•kg −1 BW/day reference value at which dietary intake of lead is considered negligible [4, 47] . A few samples contained sufficient bioaccessible lead to exceed 1/10th of the reference value, i.e., they could potentially provide a DI >3 ng•kg −1 BW/day. All of these samples originated from schools in Group A (<10 miles from the centre of Glasgow) and several were from schools located close to major trunk roads or motorways, which may be a (historical) point source of lead. 
Conclusions
The Soils in Scottish Schools project allowed secondary school pupils across Scotland to gain an appreciation of soil science and take part in scientific research through the sampling of soils from their local environment for trace element analysis. The pseudototal and bioaccessible concentrations of copper, lead and zinc in samples taken from the school grounds varied markedly, as would be expected given the diverse locations sampled across the country. Generally, higher analyte concentrations were associated with locations close to Scotland's main urban conurbation in and around Glasgow, with the lowest concentrations in areas further from the city. Although concentrations of copper and zinc at a few inner-city locations slightly exceeded Dutch intervention values, none of the soils contained lead at levels in excess of either the Dutch intervention value or the Category 4 screening level published by the UK Department of Environment, Food and Rural Affairs. Correlations were found between pseudototal and bioaccessible concentrations for all three analytes. Lead was the most available of the elements studied, followed by copper and then zinc.
Estimated oral intake of copper and zinc through accidental ingestion of the school soils was orders of magnitude below tolerable daily intake values. Lead was of greater potential concern since the element is considerably more toxic. However, estimated oral intake was always less than the 30 ng•kg −1 BW/day level, below which health impact is considered negligible [4] . There is therefore no evidence of significant risk to school children who use the areas studied for recreation. Nevertheless, further study of school and playground soils is warranted, especially in areas currently or historically impacted by potentially toxic elements, and it is recommended that such studies include bioaccessibility testing to give more accurate estimation of children's exposure and thus support improved health risk assessment.
Overall, this project has provided a snapshot of copper, lead and zinc levels at a wide selection of urban and rural sites in Scotland. It contributes towards improved understanding of the impact of human activities on Scotland's soils and serves as a useful benchmark for future studies focused on PTE bioaccessibility. 
